How carbon (C) flows through plants into soils is poorly understood. Carbon exuded comes from a pool of non-structural carbohydrates (NSC) in roots. Simple models of diffusion across concentration gradients indicate that the more C in roots, the more C should be exuded from roots. However, the mechanisms underlying the accumulation and loss of C from roots may differ depending on the stress experienced by plants. Thus, stress type may influence exudation independent of NSC. We tested this hypothesis by examining the relationship between NSC in fine roots and exudation of organic C in aspen (Populus tremuloides Michx.) seedlings after exposure to shade, cold soils and drought in a controlled environment. Fine root concentrations of NSC varied by treatment. Mass-specific C exudation increased with increasing fine root sugar concentration in all treatments, but stress type affected exudation independently of sugar concentration. Seedlings exposed to cold soils exuded the most C on a per mass basis. Through 13 C labeling, we also found that stressed seedlings allocated relatively more new C to exudates than roots compared with unstressed seedlings. Stress affects exudation of C via mechanisms other than changes in root carbohydrate availability.
Introduction
How carbon (C) flows through plants into soils is poorly understood. Carbon in soils represents the largest C pool in the terrestrial biosphere, and most of this C is from below ground inputs (Schmidt et al. 2011) . Specifically, rhizosphere inputs comprise a large contribution to soil organic matter. The continual release of C compounds from roots, namely exudation, represents up to half of fixed C allocated below ground (Nguyen 2003) . This flux of root-derived C promotes substantial nutrient release from soils at ecosystem scales (Finzi et al. 2015) . Both plant and soil abiotic and biotic factors influence rhizodeposition, whichowing to the complexities in plant-soil interactions-make mechanistic understanding of C flow from plants to soils difficult (Grayston et al. 1997 . Though the pool of soluble organic compounds (sugars, amino acids and organic acids) is relatively small in the soil solution, the flux through this pool is extremely rapid, constituting a majority of the total CO 2 efflux from soil (van Hees et al. 2005) . Exudates fuel the microbial activity that mediates these C fluxes; thus, it is imperative to understand factors controlling the release of exudates. While much research on this topic has been done on cereal crops, relatively little has been carried out on C fluxes in rhizospheres of woody plants (Cheng and Gershenson 2007) , though this field of research has grown in the last decade (e.g., Phillips et al. 2008 .
Root exudation is affected by cell membrane potential, membrane permeability and concentration gradients of soluble organic compounds between the cytoplasm in roots and the soil solution (Farrar et al. 2003) . Exudation may also occur as a response to stress and nutrient deficiency (Badri and Vivanco 2009) . Thus, the release of exudates from plants is determined by a combination of interacting endogenous and exogenous factors . In general, the mechanisms underlying C exudation may be similar to those described under the 'push' and 'pull' hypotheses for the control of C acquisition by roots (Farrar and Jones 2000) . Under the 'push' hypothesis, the more C 'pushed' into roots, the more C ought to be exuded from roots (e.g., Hill et al. 2007 ). Under the 'pull' hypothesis, exudation of C by roots is controlled by factors drawing C into the rhizosphere, such as root colonization by fungi (e.g., Marx 1972 , Meier et al. 2013 . Evidence exists for both the 'push' and 'pull' hypotheses of root exudation, thus it is likely controlled by both mechanisms. Nonetheless, exuded C originates in plants, thus factors affecting its supply and transport are likely to have strong effects on its efflux. However, no clear trends emerge in exudation responses across experiments manipulating the 'push' of C through plants. For instance, elevated CO 2 levels increase root exudation, but typically only under low nutrient conditions (Phillips et al. 2009 (Phillips et al. , 2011 , and when C supply is manipulated through defoliation or light levels, it has stimulated or reduced root exudation depending on the experiment (Bokhari and Singh 1974 , Hodge et al. 1997 , Dilkes et al. 2004 , Hill et al. 2007 ).
Though there is recognition that C supply in shoots may mediate other processes such as rate of C import into roots (Dilkes et al. 2004 ) and respiration (Hill et al. 2007) , little attention has been paid to the role of non-structural carbohydrates (NSC) in roots and their relationship to exudation (Figure 1 ). Carbon exuded from roots comes from a pool of NSC. Non-structural carbohydrates in roots can perform a variety of roles such as osmotic regulation, freezing tolerance, metabolism and storage (Dietze et al. 2014) . Consequently, the function of NSC in roots may vary across different growing conditions and underlying types of stress, and this may affect the availability of C for exudation. Similarly, the loss of C from roots may occur through a variety of events including active secretion, passive and/or facilitated diffusion and processes affecting the resistance to diffusion such as lysis, severing and apoptosis. Taken together, the import, accumulation and loss of C from roots is affected by a variety of physiological activities related to stress (Neumann and Romheld 2007) . Thus, the environmental conditions in which concentration gradients of soluble C are produced may be an important factor affecting exudation in addition to the concentration gradients themselves. Though similar levels of NSC may exist across plants, the underlying stress controlling allocation to root NSC may, in fact, determine the loss of C exuded from roots. In particular, how stress type affects root exudation of C has not been considered. That the functional role of NSC changes with stress type may, in part, explain the inconsistent response of exudation to various 'pushes' of C into roots.
Here, we consider a range of plant stresses commonly encountered by boreal trees: shade, drought and cold soils. When light limited, trees may draw on NSC to offset a decrease in total C assimilation, thus causing a decline in NSC in roots (Myers and Kitajima 2007) . Drought produces inconsistent responses in root NSC (Brunner et al. 2015) , perhaps related to the hydraulic strategy of the plant (Mitchell et al. 2013) , or the duration and severity of the stress applied (McDowell et al. 2008) . Meristematic growth can decline faster than C assimilation when plants are exposed to drought, leading initially to a surplus of available C and an increase in NSC, though prolonged drought can lead to a decline in NSC and ultimately to C starvation and potential root death (McDowell 2011) . Moreover, the accessibility of NSC may differ between the two stresses; shaded trees show progressive carbohydrate depletion potentially switching from respiring carbohydrates to lipids, while trees grown under drought were suggested to be unable to respire carbohydrates (Fischer et al. 2015) . Similar to processes underlying NSC in plants exposed to drought, growth of trees in cold soils can be restricted such that C supplied by photosynthesis may exceed C demand for respiration and growth leading to a C surplus and an increase in NSC (Hoch 2008, Karst and Landhäusser 2014) . Soluble sugars are also important in freezing tolerance as they are osmoprotectants (Sakai and Larcher 1987, Tinus et al. 2000) and membrane stabilizers (O'Neill 1983, Strauss and Hauser 1986) .
The objective of this study is to examine and compare how NSC levels in fine roots, mediated by different types of stress, affect the exudation of organic C. Specifically, we exposed seedlings of aspen, a common boreal pioneer tree species, to drought, cold soils or shade to alter NSC concentrations in roots. We predicted that seedlings with higher concentrations of NSC in their roots would have higher exudation rates of organic C than those with lower concentrations of NSC, due at least in part to greater disparity between sugar concentrations between root cells and the rhizosphere. However, as the mechanism controlling NSC levels in roots likely differs across the stress types, we Figure 1 . Conceptual model of movement of carbon from atmosphere to soils. Carbon is acquired (a) through photosynthesis, translocated as sucrose and moved to storage organs such as roots. Non-structural carbohydrates composed of sugars and starches accumulate (b) in cells of roots. Storage of sugars in vacuoles and conversion of sugars to starch affects availability of sugars for exudation. Organic carbon compounds in (c) exudates are derived from passive and facilitated diffusion, active secretion and processes that differ in energy expenditures. Stress may affect root carbon acquisition processes (photosynthesis/translocation) and/or accumulation in different sugar or starch pools, which determine how much sugar is available for exudation. Stress may also affect exudation of organic carbon through changes in resistance to diffusion by changes in cell membrane potential, membrane permeability and concentration gradients, or through active secretions.
Tree Physiology Online at http://www.treephys.oxfordjournals.org predicted that the effects of stress type would act independently of concentration gradients in determining the exudation rate of organic C. As a consequence, we expected stress type to mediate the relationship between fine root sugar concentration and (i) exudation of organic C and (ii) allocation of newly acquired C to exudates versus fine roots.
Materials and methods

Seedlings
Seed collected from open-pollinated aspen (Populus tremuloides Michx.) originating from northern Alberta, Canada (56.72°N, 111.38°W) were sown into cavities (3.8 × 3.8 × 6.4 cm 3 ) filled with peat amended with perlite. Trays were placed into a growth chamber subject to a 16-h diurnal photoperiod using fluorescent lamps; on average, photosynthetic active radiation (PAR) was 350 µmol m −2 s −1 during the photoperiod. Air temperature was maintained at 21°C. Once germinated, seedlings were thinned to three germinants per cavity and given a 0.1% solution of a 10-52-10 NPK fertilizer (Agrium, Inc., Calgary, Canada) twice a week for the first 2 weeks of growth and 0.1% solution of a 20-20-20 NPK fertilizer (Agrium, Inc.) once a week thereafter. Seedlings were watered once a week in addition to the fertilizer application. After 35 days, the seedlings (with peat plugs intact) were transplanted into pots made from lengths of polyvinyl chloride (PVC) pipe (10 cm diameter × 12 cm length) fitted with stainless steel mesh (150 µm) (The Mesh Company, Dorset, UK) at the bottom and filled with fine sand (approximate particle size of 250 µm; SIL Industrial Minerals, Edmonton, Canada). Care was taken to protect roots from excessive air exposure and damage during the transplanting process. Once transplanted, seedlings were fertilized once a week with 50 ml of 0.1% solution of a 20-20-20 NPK soluble fertilizer containing chelated micronutrients and watered daily with~150 ml of water keeping soil close to field capacity; light and temperature conditions remained the same. Seedlings were thinned to one seedling per pot and allowed to grow for an additional 42 days in the sand, until the average seedling height was 15 cm. The most uniform 72 seedlings were selected and randomly assigned to one of four stress treatments.
Stress treatments
The purpose of the stress treatments was to alter NSC concentrations in fine roots, and to do so through a variety of physiological mechanisms. As such, differences in NSC concentrations may originate from several interdependent sources. Seedlings were exposed to four stress treatments: shade, drought, cold soils and control. Common among shade, drought and cold soils is that they reduce the growth of plants, which we define as 'stress'. Stress treatments began 77 days after germination and lasted for 42 days. Control seedlings were kept at the same pretreatment growing conditions. Shade seedlings were placed under shade cloth that limited PAR to 50 µmol m −2 s −1
, while the water and fertilizer regimes remained the same as the control. Drought seedlings were watered with 15 ml of water per day (10% of pretreatment regime); fertilizer was reduced from 50 to 15 ml of the 0.1% solution due to decreased water supply. Light regime remained the same as that of the control treatment. Seedlings in the cold soil treatment had their roots cooled to 4°C by placing the PVC pots into a temperature controlled water bath. These PVC pots were sealed at the bottom (creating a false bottom) using a modified design of Landhäusser et al. (2001) , allowing drainage of the soil. The soil in which cold seedlings were grown was kept at field capacity, fertilizer was reduced from 50 to 15 ml similar to drought (due to decreased water uptake at cold soil temperatures) and the light regime remained the same as that of control seedlings.
Acclimation and isotope labeling
After 42 days of stress treatment, all seedlings were returned to pretreatment conditions (i.e., given 150 ml water each day, 50 ml 20-20-20 NPK fertilizer once a week and 350 µmol m −2 s −1 of PAR) and remained in these conditions for the remainder of the study (11 days). Thus, subsequent measurements were taken in a common exogenous environment but contrasting endogenous environments, owing to the previous stress treatments. Any seedlings exhibiting damage or dieback were removed from the sample group at this time. Seedlings were allowed to acclimate to the pretreatment conditions for 3 days, during which 21 seedlings, 6 from each of the shade and control treatments, 5 seedlings from the drought treatment and 4 from the cold soil treatment, were destructively sampled. This sampling, and that done immediately following exudation collection (see Exudate collection), was done to determine the effects of the stress treatments on seedling morphology and NSC in roots, and account for changes in the interim before exudation was to be measured during seedling recovery (8 days later). Seedlings were separated into leaves, stems, coarse roots (diameter >1 mm) and fine roots (diameter <1 mm), and dried at 100°C for 1 h followed by 70°C for 48 h. The distribution of recent assimilates between C pools in roots and exudates was determined using 13 CO 2 pulse labeling.
During the morning of the fourth day since returning to pretreatment conditions, the remaining 44 seedlings were pulse-labeled with 13 CO 2 according to Norris et al. (2012) . In brief, seedlings were covered with a transparent mylar bag (40 × 20 cm 2 ) designed with a short section of tubing sticking out the top; the bag was sealed to the base of the stem. Fifty milliliters of 99% 13 CO 2 (Sigma-Aldrich, Oakville, Canada) was injected into the bag through the protruding tube using a syringe. The tube was sealed and the seedlings were left for 30 min, after which the bags were removed.
After labeling, the seedlings were removed from the sand and were gently washed to remove any adhering sand particles from the roots protruding from the peat. No attempt was made to remove the peat plugs from roots as this would have caused extensive damage to the roots. The roots of each seedling were then dipped in an antibacterial mixture (50 ppm penicillin and 50 ppm streptomycin) to arrest rhizosphere bacterial activity. Cleaned seedlings were then transplanted into glass beads, which had approximately the same dimensions as the sand (particle size 250 µm, SIL Industrial Minerals, Edmonton, Canada) but less molecular adsorption of organic acids (Phillips et al. 2009 ). At the same time, 10 peat plugs without seedlings (hereafter 'blank peat cores') were also transplanted into glass beads, to obtain an approximation of dissolved C originating from the peat core rather than the root exudates. Seedlings were given 3 days to overcome transplant shock, after which the seedlings were again pulse-labeled with 13 CO 2 , according to the same protocol as stated above, to ensure that a sufficient amount of labeled C was present in the roots and exudates at the time of sampling. Immediately following labeling, leaf-level photosynthesis was measured on the newest fully expanded leaf of each seedling using an LI6400 Portable Photosynthesis System (LiCor, Inc., Lincoln, NE, USA). Leaf chamber light (PAR) and CO 2 concentrations were set to 350 and 400 µmol mol −1 , respectively. Temperature was not controlled due to the constant temperature conditions in the growth chamber (21°C).
Exudate collection
One hour after photosynthesis was measured, roots of all seedlings were flushed with 250 ml of distilled water, approximately two times the holding capacity of each core, to expel any previously accumulated exudates or fertilizer; seedlings were then left to release exudates for 9 h (Phillips et al. 2009 ). After the exudation period, the cores were again flushed with 250 ml of distilled water but the runoff (hereafter 'exudate solution') was collected. Exudates were filtered through 150 µm mesh to remove soil or root particles from the solution. The exudate solutions were then immediately frozen at −40°C until further analysis. The exudate residue was obtained by drying a subsample of the thawed exudate solution (30 ml) for at least 48 h at 50°C
. Exudation was measured by total organic C (TOC) analysis using a TOC-V CHS/CSN Model Total Organic Carbon Analyzer (Shimadzu Corporation, Kyoto, Japan). The leachate from the blank peat cores was also analyzed for TOC using the same method; the average TOC found in the blank peat cores was then subtracted from the TOC found in the exudate solutions.
Once exudates were collected, seedlings were destructively sampled and separated into respective components: leaves, stems and four root components, coarse and fine (<1 mm) roots inside the peat core and coarse and fine roots outside the peat core. Tissue components were dried at 70°C for at least 48 h, weighed and ground using a Thomas Wiley Mini-Mill (Thomas Scientific, Swedesboro, NJ, USA). Any exudates released inside the peat core were assumed to be absorbed by the peat, thus root components were split between those inside and outside the peat core and only those outside were used in subsequent exudation rate calculations. Mass-specific exudation rates were calculated by dividing the TOC in the exudate solution by the exudation period (9 h) and the mass of the fine roots outside the peat core (Table 1) . Root to stem ratios (RSR) were calculated using total root mass and stem mass. Root volumes were measured according to Sattelmacher (1987) and used to calculate root densities for both roots inside and outside the peat cores (g cm −3
). Leaf area was measured using an LI-3100C Leaf Area Meter (LiCor, Inc.). Nitrogen concentration of leaf tissue was determined by the Dumas Combustion Method using the Costech Model EA 4010 Elemental Analyzer (Costech International Strumatzione, Florence, Italy) and phosphorus and potassium concentrations were determined by nitric acid digestion, then colorimetry using the SmartChem Discrete Wet Chemistry Analyzer (Westco Scientific Ltd, Brookfield, CT, USA). Non-structural carbohydrate concentrations of the fine roots were analyzed using a phenol-sulfuric acid assay to determine total sugar concentration, and enzyme digestion analysis to determine total starch concentrations according to Chow and Landhausser (2004 where AR is the absolute ratio of 13 C/ 12 C of the reference, Vienna Pee Dee Belemnite. One unlabeled seedling per treatment was randomly selected from those destructively sampled at the beginning of the acclimation period, prior to exudate collection, to determine background 13 C levels in fine roots. The AP of the fine roots of unlabeled seedlings was used as the AP background for both fine roots and exudates in a given treatment as we did not collect exudates from unlabeled seedlings, assuming minimal fractionation of 13 C as exudates leave fine roots.
The mass of excess 13 C atoms (new label) in fine roots and exudates (see Figure S1 available as Supplementary Data at Tree Physiology Online) was then calculated by multiplying the APE by the mass of fine roots or exudates. To compare the relative allocation of new label between exudates and fine roots, the ratio of Tree Physiology Online at http://www.treephys.oxfordjournals.org excess 13 C mass in exudates to excess 13 C mass in fine roots was calculated.
Data analysis
Seedling characteristics both prior to and following exudate collection, including height, mass root density, leaf area, area-based leaf C assimilation, stomatal conductance and fine root NSC, were compared among treatments using analyses of variance (ANOVA) and log 10 -transformed when necessary to meet assumptions of normality (see Table S1 available as Supplementary Data at Tree Physiology Online). All post hoc comparisons were made using Bonferroni multiple comparison tests to maintain family-wise Type I error at 0.05. Similar analyses were performed to compare total and log 10 -transformed mass-specific C exudation rates among treatments. Analyses of covariance (ANCOVA) were used to determine the effects of stress treatments on mass-specific C exudation rates, with fine root sugar concentrations, foliar nitrogen, leaf area-based photosynthetic rate or whole-seedling C assimilation rate (i.e., leaf area-based photosynthetic rate × total leaf area) as separate covariates. These variables were chosen as covariates because they varied by treatment (see 'Results' section). The ratio of excess 13 C mass in exudates to excess 13 C mass in fine roots (log 10 transformed) was examined among treatments using an ANOVA and post hoc comparisons. We tested whether fine root sugar concentrations affected the relative allocation of new label between exudates and fine roots among stress treatments with an ANCOVA. For all ANOCOVAs, the models were rerun without the interaction term, once confirmed it was not significant, to adjust treatment differences by the covariate of interest (i.e., estimated marginal means). All statistics were performed using IBM SPSS Statistics Version 23 (IBM Corp., Armonk, NY, USA).
Results
Seedling morphology and physiology in response to stress
For the majority of measurements, seedlings did not differ between pre-and post-exudate collection within each stress treatment (Tables 1 and 2 ). Only specific leaf area of shade seedlings [t(14) = 5.04, P < 0.001; Table 1 ] and fine root Table 1 . Morphology and physiology of P. tremuloides seedlings grown in four treatments, cold soils (n = 4, 7), shade (n = 6, 8), drought (n = 5, 8) and control (n = 6, 10), measured prior to (pre) and after (post) exudate collection. Data are means ±1 SE. Superscript capital letters preceding the mean denote significant differences among treatments within the same sampling period; subscript lowercase letters following the standard error denote significant difference between sampling periods. Significant differences were based on Bonferroni multiple comparison tests. Pre n/a n/a n/a n/a Post Whole-seedling photosynthesis (µmol s −1 ) Pre n/a n/a n/a n/a Post Stomatal conductance (mmol m −2 s −1 ) Pre n/a n/a n/a n/a Post 27. Fine root mass, outside peat core (g) Pre n/a n/a n/a n/a Post ) Pre n/a n/a n/a n/a Post 0.13 (0.007) 0.15 (0.015) 0.18 (0.013) 0.14 (0.008) Foliar nitrogen (% dry mass) Pre n/a n/a n/a n/a Post Foliar phosphorus (% dry mass) Pre n/a n/a n/a n/a Post 0.24 (0.027) 0.27 (0.022) 0.27 (0.025) 0.25 (0.020) Foliar potassium (% dry mass) Pre n/a n/a n/a n/a sugar concentrations of control seedlings [t(16) = 3.29, P = 0.004; Table 2 ] decreased significantly between the two measurement periods. Thus, we focus on measurements taken immediately following exudate collection to assess exudation of organic C. Seedlings grown under the four treatments differed in mass and height (Table 1 and see Table S1 available as Supplementary Data at Tree Physiology Online). Seedlings from all treatments differed in root mass, both for fine roots outside the peat core (Table 1 and see Table S1 available as Supplementary Data at Tree Physiology Online) as well as total root mass, which includes both fine and coarse roots inside and outside of the peat core (Table 1 and see Table S1 available as Supplementary Data at Tree Physiology Online). Control seedlings were significantly larger than those in the other treatments, having at least double the root mass, triple the shoot mass and 65% more leaf mass than seedlings from any other treatment (Table 1) . Drought seedlings had the lowest above ground (stem and leaf) mass, resulting in the highest RSR (5.2), while seedlings in cold soils had the lowest root mass and RSR (1.6) ( Table 1) . Shade seedlings were proportioned similar to control seedlings (RSR = 3.1), but had lower total mass compared with control seedlings. Root density did not differ significantly among treatments (Table 1 and see Table S1 available as Supplementary Data at Tree Physiology Online). Seedlings from all treatments differed in height (Table 1) , with control seedlings being the tallest and drought seedlings the shortest. Leaf area was highest for both control and shade seedlings and lowest for drought seedlings (Table 1) .
Following the treatments, stressed seedlings (grown in drought, shade and cold soils) had lower photosynthetic rates than control seedlings on both a leaf area and whole-canopy basis (Table 1 and see Table S1 available as Supplementary Data at Tree Physiology Online). However, stomatal conductance was not affected by the stress treatments (Table 1 and see Table S1 available as Supplementary Data at Tree Physiology Online). The concentration of foliar nitrogen was different among treatments (Table 1 and see Table S1 available as Supplementary Data at Tree Physiology Online), with shade seedlings having higher foliar N than seedlings of the other stress treatments and control seedlings. Neither foliar phosphorus nor foliar potassium (Table 1 and  see Table S1 available as Supplementary Data at Tree Physiology Online) differed among treatments.
The stress treatments altered NSC levels in fine roots of seedlings. Differences among stress treatments in fine root NSC concentration were driven by sugars (Table 2 and see  Table S1 available as Supplementary Data at Tree Physiology Online). Fine root sugar levels were highest in seedlings grown in cold soils, and lowest in drought and shade seedlings ( Table 2 ). Starch levels in the fine roots followed a similar trend as sugars and were correlated [r 2 (34) = 0.76, P < 0.001], but did not significantly differ among stress treatments (Table 2 and see Table S1 available as Supplementary Data at Tree Physiology Online).
Stress and exudation of TOC
At the individual seedling level, the total amount of organic C released from roots did not differ among treatments [F (3,33) = 0.48, P = 0.7; see Table S2 available as Supplementary Data at Tree Physiology Online]. The total amount of organic C released by seedlings together with peat cores was 4.43 mg (±0.19 SE) and the amount released by blank peat cores was 2.33 mg (±0.82 SE). However, mass-specific exudation varied among treatments [F (3,33) = 14.3; P < 0.001, Figure 2 and see Table S2 available as Supplementary Data at Tree Physiology Online], with seedlings grown in cold soils exuding organic C at a higher rate than drought and control seedlings. Shaded seedlings exuded organic C at a higher rate than control seedlings, and shade and drought seedlings did not differ in exudation rates (Figure 2) . Table 2 . Non-structural carbohydrates in roots of P. tremuloides grown in four treatments, cold soils (n = 4, 7), shade (n = 6, 8), drought (n = 5, 8) and control (n = 6, 10), collected prior to (pre) and after (post) exudate collection. Data are means ±1 SE. Superscript capital letters preceding the mean denote significant differences among treatments within the same sampling period; subscript lowercase letters following the standard error denote significant difference between sampling periods. Significant differences were based on Bonferroni multiple comparison tests. There was a positive linear relationship between massspecific exudation and fine root sugar concentration across stress treatments [F (1,35) = 5.82, P = 0.021] (Figure 3) ; however, the interaction between mass-specific exudation rate and fine root sugar concentrations was not significant [F (3,29) = 1.22, P = 0.32], indicating that the increase in massspecific exudation in response to fine root sugar concentration was similar for seedlings in all four treatments. When differences among treatments were adjusted for differences in fine root sugar concentration, the effect of stress type remained significant [F (1, 32) = 10.3, P < 0.001], indicating that treatment differences in mass-specific exudation were independent of fine sugar concentration. After removing the effect of fine root sugar concentration, seedlings grown in shade had the highest exudation rate followed by those grown in cold soils, drought and control conditions (Figure 3) . Though foliar nitrogen concentration and leaf area-based photosynthetic rate differed among stress treatments, they were not significant covariates affecting mass-specific exudation (minimum P = 0.15 when added to separate general linear models), nor did they interact with the treatments (stress treatment × covariate; minimum P = 0.18 across separate models). A similar result was also found for the effect of whole-canopy net photosynthesis on mass-specific exudation, i.e., it was not a significant covariate (stress treatment × whole-canopy net photosynthesis, P = 0.29; after dropping the interaction term from the model, whole-canopy net photosynthesis, P = 0.063).
Allocation of newly acquired carbon to roots and exudates ( 13 C labeling)
There were no differences in δ 13 C among treatments (see Table S3 available as Supplementary Data at Tree Physiology Online). However, the ratio of excess 13 C atoms allocated to exudates versus fine roots differed among treatments [F (3, 29) = 10.03, P < 0.001]. Control seedlings exuded the least amount of new label relative to that present in fine roots among the stress treatments, but this was not significantly different from seedlings grown under drought (Figure 4 ). Seedlings grown in cold soils and shade exuded relatively more new label than seedlings grown under drought or control conditions (Figure 4) . Fine root sugar Figure 3 . Mass-specific exudation rates of P. tremuloides seedlings grown in four treatments, cold soil (closed circles), shade (open triangles), drought (closed triangles) and control (open circles) and sugar concentration in fine roots. The interaction between treatment and fine root sugar concentrations on exudation rates was not significant, so the variable was dropped from the model and the common slope was used. Differences in estimated marginal means for each treatment at the mean ( ‾ x = 4.76%) of the covariate, sugar concentration in fine roots, are denoted by lettering above lines. Significant (α < 0.05) differences are based on a Bonferroni multiple comparison test. Figure 4 . Mean (±SE) of the ratio of excess 13 C in exudates to excess 13 C in fine roots of P. tremuloides seedlings grown in four treatments: cold soil (n = 7), shade (n = 8), drought (n = 8) and control (n = 10). Significant differences among treatment means based on a Bonferroni multiple comparison test are denoted by lettering above the bars (α < 0.05). Figure 2 . Mean (±SE) mass-specific exudation rates of P. tremuloides seedlings grown in four treatments: cold soil (n = 7), shade (n = 8), drought (n = 8) and control (n = 10). Significant differences among treatment means based on a Bonferroni multiple comparison test are denoted by lettering above the bars (α < 0.05).
Tree Physiology Volume 37, 2017 concentration was not a significant covariate (stress treatment × fine root sugar concentration, P = 0.157; after dropping the interaction term from the model, fine root sugar concentration, P = 0.79), indicating that the relative allocation of new label to exudates and fine roots did not change with fine root sugar concentration. Stress treatment alone affected the relative allocation of new label between exudates and fine roots [F (3,32) = 8.84, P < 0.001].
Discussion
We stressed aspen seedlings to manipulate root NSC concentrations and, as a possible consequence, the exudation of organic C (Figure 1) . We had two predictions. First, there would be a positive relationship between the concentration of NSC in roots and the exudation rate of organic C, owing to a greater concentration gradient between root and soil. Second, the effects of stress type would act independently of concentration gradients because NSC in roots likely have multiple functions, and resistance to diffusion may be differentially affected by stress type. We found support for both predictions, and posit that stress differentially caused roots of tree seedlings to exude C.
As predicted, we found that the exudation rate of organic C increased as fine root sugar concentration increased. Across treatments, exudation rates of organic C were linearly dependent upon the concentration of sugars in the fine roots; furthermore, the relationship was similar across all treatments, with greater fine root sugar concentration leading to similarly increased exudation rates of organic C. This supports our hypothesis that the concentration of root NSC influences the exudation rates of organic C. The relationship is likely due to a simple variation in the concentration gradient between root tissue and soil, which would cause increased rate of diffusion of sugars across the cell membrane into the rhizosphere. However, aligned with our second prediction, the concentration of NSC in fine roots did not alone explain the differences among stress treatments in exudation or relative allocation of new C between exudates and fine roots. Instead, stress type affected mass-specific exudation independently of fine root sugar concentration. Furthermore, seedlings varied by treatment in how much new 13 C was allocated between exudates and roots and this was not explained by fine root sugar concentrations. Below we consider how each stress type affects C exuded from roots, both in terms of concentration gradients and processes affecting the import, accumulation and loss of C from plants.
The influence of cold soils on NSC and exudation
The mass-specific exudation rate of organic C for seedlings exposed to cold soils was the highest of all treatments. Aspen is relatively sensitive to cold soil temperatures; at 5°C, growth above and below ground is halted (Landhäusser et al. 2001 (Landhäusser et al. , 2003 . In seedlings exposed to cold soils, we observed relatively little root growth and the highest concentration of NSC in roots, possibly an outcome of C surplus where rates of photosynthesis exceed C demand for root respiration and growth (Hoch et al. 2002 , Hoch and Körner 2012 , Karst and Landhäusser 2014 . However, increased solute concentration in root cells is also a common response for plants exposed to cold stress, as it provides protection against freezing (Mahajan and Tuteja 2005) . No matter the mechanism, the accumulation (i.e., the 'push') of C in roots, likely increased the concentration gradient between root tissue and the rhizosphere leading to an increased exudation of C by roots. Fine roots of seedlings exposed to cold soils had a statistically similar concentration of sugar as those of control seedlings, which had the lowest rates of mass-specific exudation. We suggest that this discrepancy between treatments is predicated on mechanisms for the loss of C from roots unique to seedlings exposed to cold soils. In addition to concentration gradients, changes to membrane permeability and solute compartmentation may also increase C exudation. As a consequence of lowered temperatures, membrane lipids often undergo phase transitions, which temporarily affect membrane permeability during transient periods of cold temperatures (Lesham 1992) . Irreversible changes in permeability may occur when certain lipids aggregate, which disrupts the membrane bilayer causing an increased permeability of the plasma membrane to water and solutes upon rewarming (Lesham 1992) . Thus, the high rates of exudation in seedlings exposed to cold soils may have been a response to irreversible changes in permeability (e.g., the aggregation of lipids upon rewarming) or the damage of membrane components that can occur at low temperatures. Solute compartmentation may also affect exudation of C through the partitioning of sugars in cell compartments of roots. Sucrose stored in vacuoles may be unavailable as cryoprotectants (and ultimately, exudates) compared with that present externally in the apoplast or cytoplasm (Koster and Lynch 1992) . In control seedlings, much of the sugar may have been in vacuoles, and so the sugar concentration in the cytoplasm, which affects the sugar gradient relevant for exudation, is much lower than the total cell sugar concentration. Conversely, in seedlings exposed to cold soils, root sugar concentration may more accurately reflect the sugar concentration gradient relevant for exudation. Both compartmentation and the proportion of cellular space consisting of vacuoles may underlie differences in exudation between seedlings exposed to cold soils and those that remained unstressed.
The influence of shade on NSC and exudation
In seedlings exposed to shade, we expected decreased total mass and fine root NSC concentration compared with seedlings in the control treatment. As expected, the total mass of shade seedlings was significantly reduced, despite having a similar height, root:stem ratio and total leaf area compared with control seedlings. The concentration of NSC in fine roots was lower
Tree Physiology Online at http://www.treephys.oxfordjournals.org compared with control seedlings, likely due to seedlings drawing on NSC reserves to support growth while under conditions that limit C assimilation, or alternatively, being light limited, seedlings were unable to accumulate NSC in their roots.
Even with lower C assimilation and NSC levels relative to the control treatment, mass-specific exudation rates of organic C were higher for shade seedlings. When adjusted for fine root sugar concentrations, in fact, shaded seedlings had the highest exudation rates. Shading has been shown to affect the composition of root exudates, but the underlying mechanisms, as well as its effect on total C exudation, are poorly understood (Rovira 1959) . We speculate that the higher exudation rates in shaded seedlings compared with control seedlings may be the result of differences in the construction of root cells and membranes. Similar to leaves, shading can affect root traits related to resource investment (Reich et al. 1998 , Curt et al. 2005 . To the best of our knowledge, no studies have been carried out to examine the relationships between light, root traits and exudation.
The influence of drought on NSC and exudation
In seedlings exposed to drought, we expected an increase in root:stem ratio and NSC relative to control seedlings. Seedlings exposed to drought had increased root:stem ratios compared with the other treatments; however, the root NSC concentrations were not higher than control seedlings. This was likely due to the severity of the drought treatment, which may have led to the consumption of NSC reserves to meet C demands not met by reduced photosynthetic assimilation under such intense water stress. The mass-specific exudation rates of organic C for seedlings in the drought treatment were also similar to control seedlings. This result raises the question of why seedlings recovering from drought did not exude higher amounts of C given that they were stressed? Of the scant research on the effects of drought stress on exudation, a unimodal relationship between the variables has been demonstrated. Mild drought stress was shown to increase exudation in pine seedlings (Reid and Mexal 1977) ; however, severe drought stress was found to decrease exudation (Reid 1974) . Osmotic adjustments may be a mechanism limiting exudation rates in drought seedlings; seedlings may be able to maintain elevated osmotic potential by decreasing the rate at which sugars are released into the rhizosphere by closing protein channels in the cell membrane, allowing increased water uptake and transfer to aboveground organs (Javot and Maurel 2002) . Similar to stress induced by cold soils, compartmentation may also underlie the influence of drought on exudation.
Other factors influencing exudation
Nutrient deficiency (Neumann and Romheld 2007) and rates of C assimilation (Hill et al. 2007 , Phillips et al. 2009 ) may affect exudation, but neither played important roles in our experiment. Seedlings in different treatments were given different amounts of fertilizer throughout the study, an artifact of treatment methodology. For example, control and shade seedlings had more than three times the fertilization of drought and cold seedlings during the stress treatment as a result of the fertilizer being applied during watering. However, leaf nitrogen, which was highest in shaded seedlings, had no significant influence on exudation rates, and seedlings grown in cold soils with the highest rate of exudation did not have lower leaf N. Rates of C assimilation were lowered by stress treatments; however, neither leaf area-specific rate of photosynthesis nor wholeseedling C assimilation rate influenced exudation rates. Our goal was to use the environment to manipulate NSC concentrations in roots of seedlings. However, to isolate the effects of seedling nutrition and water status on NSC concentration, future studies should explore the manipulation of nutrition independent of watering.
Seedling ontogeny may have indirectly affected exudation rates among seedlings independent of NSC levels. Control seedlings had double the root mass and triple the shoot mass of stressed seedlings. Changes in root morphology with plant size can affect exudation rates (Phillips et al. 2009 , Yin et al. 2013 ). For example, small root systems may have a relatively higher fine root surface area or number of root tips compared with large root systems, and as a consequence, the effects of stress might be mediated through changes in root system architecture. It is possible that the ratio of root tips to root mass may have been altered by the treatments in our study. When understanding the effects of stress on exudation, it will be important to take into account ontogeny to avoid confounding direct stress effects with those due to differences in size.
We grew seedlings in sterile soils, which do not reflect natural conditions in the field. Roots of all seedlings received an antimicrobial solution during transplanting, to limit any differences in the 'pull' of C among treatments. However, as the presence of microbes, which are ubiquitous in soils, will affect the quantity and composition of exudates (Meier et al. 2013 ), the exudation rates found in this study are likely not comparable to exudation rates of seedlings in a natural setting. The mean exudation rate from this study (4.18 mg C g root −1 day −1
) fell on the high side of previously reported daily fluxes of rhizosphere C (see Table 2 in Brzostek et al. 2013 ). We also urge caution when scaling from hourly to daily measurements, as exudation likely follows a diurnal rhythm. Though seedlings were given time to recover, they were transplanted twice in our experiment which may have elevated root exudation. Nonetheless, evaluating the outcomes of 'push' and 'pull' mechanisms underlying C exudation deserves further attention. In particular, examining the role mycorrhizal fungi play in exudation is critical as the type of symbiosis formed (arbuscular or ectomycorrhizal) can have ecosystem consequences (Phillips and Fahey 2006) . Populus tremuloides is one of the few tree species worldwide to form associations with fungi representing both dominant groups of mycorrhizas, arbuscular and ectomycorrhizas (EM) (Molina et al. 1992) . Fungi forming both these types of mycorrhizas rely on living hosts for carbon, but differ in their physiology (Smith and Read 2008, Soudzilovskaia et al. 2015) , carbon fluxes (Finlay and Soderstrom 1992) and the extent and types of enzymes excreted into soils (Landeweert et al. 2001) . In consequence, the dominance of EM versus arbuscular mycorrhizas in forest stands has pronounced effects on a variety of ecosystem processes, notably biogeochemistry (Phillips and Fahey 2006 . Shifts in regional climates may affect the balance of EM and arbuscular mycorrhizas on P. tremuloides with cascading effects on stand nutrient cycling mediated by exudation.
Implications of stress-induced exudation for movement of C from plants to soils Enhanced root exudation can stimulate nitrogen cycling and alter microbial communities with positive effects on plant growth (Hamilton et al. 2008 , Phillips et al. 2011 , Yin et al. 2013 , Fuchslueger et al. 2014 . We found that plant size countered the quantitative effect of mass-specific exudation, but changes in the composition of exudates may also influence soil processes. Moreover, we show that stressed plants may exude C beyond that predicted by simple concentration gradients. This result has important implications. Previous research has demonstrated that root exudation is mediated by soil fertility (Phillips et al. 2009 , 2011 , Yin et al. 2014 . Stress-induced exudation of C may decouple interactions between plants and soil fertility, and whether this trumps or interacts with soil conditions is currently unknown. The loss of C independent of NSC in roots suggests that stressed seedlings may be unable to retain recent photoassimilates or, alternatively, exudation may be actively enhanced when plant growth is limited (e.g., Hamilton et al. 2008) . If stressed plants lose proportionally more C to the soil, this could exacerbate any C limitation to root functioning that may occur under stress or during recovery from stress. Alternatively, exudation may actually promote processes that sustain the growth of plants. The positive and negative feedbacks associated with the loss of carbon from roots will be important to consider in the future from both the perspective of plants and ecosystems.
